We measure the polarization characteristics of a quinone-bromide redox flow battery with interdigitated flow fields, using electrochemical impedance spectroscopy and voltammetry of a full cell and of a half cell against a reference electrode. We find linear polarization behavior at 50% state of charge all the way to the short-circuit current density of 2.5 A/cm 2 . We uniquely identify the polarization area-specific resistance (ASR) of each electrode, the membrane ASR to ionic current, and the electronic contact ASR. We use voltage probes to deduce the electronic current density through each sheet of carbon paper in the quinone-bearing electrode. By interpreting the results using the Newman 1-D porous electrode model, we deduce the volumetric exchange current density of the porous electrode. We uniquely evaluate the power dissipation and identify a correspondence to the contributions to the electrode ASR from the faradaic, electronic, and ionic transport processes. We find that, within the electrode, more power is dissipated in the faradaic process than in the electronic and ionic conduction processes combined, despite the observed linear polarization behavior. We examine the sensitivity of the ASR to the values of the model parameters. The greatest performance improvement is anticipated from increasing the volumetric exchange current density. The intermittency of wind and solar energy is motivating research on cost-effective large-scale electrical energy storage. Redox flow batteries are regarded as promising solutions as they possess many desirable attributes, including independent scaling of power and energy, long cycle life, and excellent safety.
The intermittency of wind and solar energy is motivating research on cost-effective large-scale electrical energy storage. Redox flow batteries are regarded as promising solutions as they possess many desirable attributes, including independent scaling of power and energy, long cycle life, and excellent safety. 1 The most commercially advanced RFB chemistry employs vanadium ions, whose high performance has led to MWh-scale developments. The rarity of vanadium and its variable price, however, is spurring the pursuit of alternative RFB chemistries. Among them, organic molecules such as quinones in aqueous solution are especially promising as they contain only inexpensive, earth-abundant elements and have properties that may be tuned for RFB applications. In both acidic and alkaline aqueous media, quinone-based RFBs have achieved power densities comparable to those of vanadium RFBs. [2] [3] [4] For RFBs utilizing either vanadium ions or newer chemistries, a continuing quest is to raise the power density, as the power-conversion unit constitutes a major portion of the system cost. A broadly applicable and insightful way of evaluating factors limiting RFB power density facilitates this effort. A commonly-used method is the analysis of cell polarization -a measurement of cell potential vs. current density at fixed state of charge. The classical analysis of RFB polarization curves, inspired by fuel cell research, assigns curve slopes in different overvoltage regions to various performance-limiting factors, i.e. electrode kinetics, Ohmic resistance, and mass transport limitations (Fig. 1a) . 5, 6 While such polarization dissection has provided some direction to RFB design, the method has difficulty explaining the origins of polarization resistance, which is most commonly assessed after IRcorrection based on high frequency resistance. The IR-correction approach convolutes membrane, electrode electronic, electrolyte ionic, and contact resistances. It offers limited insight into the difference between the DC polarization resistance and the high frequency resistance, and the role of electrolyte resistance is not apparent. Moreover, many recent works show practically linear polarization curves, even when limitations due to mass transport or faradaic reaction kinetics are shown to be significant; such findings do not support the classical dissection that assigns these two mechanisms to non-linearity. 4, 7 The classical polarization dissection does not account for the distributed nature of reaction in the porous electrode. Reaction may occur anywhere in between the ion-selective membrane and the current collector, thereby leading to different current conduction paths (Fig. 1b) . The scenario of mixed ionic/electronic conductors associated with a spatially distributed faradaic reaction is described by Newman's classical porous electrode model. 8 The Newman model has been successfully applied to a variety of energy conversion/storage devices, including fuel cells and Li-ion batteries, and its basic principles can be found in many numerical models of RFBs as well. 9 Darling and Perry used it to analyze the V IV /V V electrode of a symmetric vanadium RFB with a variety of flow fields. 7 They deduced the DC electrode resistance from the measured resistances of the cell, the membrane, and the contacts, and used the solution of the 1-D porous electrode model to assign a value of the volumetric exchange current density (the product of the exchange current density i 0 and specific surface area, or area per unit volume, a) and to evaluate a value of the resistance of the faradaic reaction in the regime of linear kinetics. Recently, Sun et al. 10 performed electrochemical impedance spectroscopy (EIS) on symmetric V II -V III cells and modeled the results over frequencies down to 1 mHz in order to separately identify overvoltages from mass transport limitations, faradaic charge transfer, and Ohmic processes. Because the V II -V III kinetics are sluggish and the cells were operated at low flow rates, they found that losses due to Ohmic processes were dwarfed by those due to mass transport processes which, in turn, were dwarfed by those due to faradaic processes. Thus no effort was devoted to distinguishing among the Ohmic processes. Our research on organic redox systems with much faster faradaic kinetics 2,3 leads us to a study of overvoltages in a regime in which Ohmic processes and faradaic processes provide roughly equal losses. Thus we have developed a dissection approach that permits us to separately evaluate the Ohmic losses from electrode electronic, contact electronic, electrolyte ionic, and membrane ionic processes and to consider them alongside the losses in the faradaic process. In the present work, we restrict our attention to electrolyte flow rates high enough that mass transport overvoltages may be neglected. Our work also provides an explicit experimental evaluation of the decay length of the faradaic reaction with distance from the membrane, which we use to obtain a value of the volumetric exchange current density by fitting to the Newman model, obtaining good agreement with the value we obtain by using the method of Darling and Perry. This work provides direct guidance for cell engineering for enhanced performance.
We first employ half-cell and voltage-probe experiments to evaluate the polarization resistance and the reaction distribution within the electrode, in a quinone-bromide flow battery (QBFB). We perform these measurements at 50% state of charge (SOC) and high flow rate so that reactant mass transport limitations are negligible. We then interpret the results within the context of the 1-D Newman model to reveal the various contributions to the resistance in a linear polarization curve and its connection to the reaction distribution. We find that, for sufficiently thin electrodes, despite the lower conductivity of the ionic pathway the fraction of current in the electrode carried by the electrolyte varies linearly across the thickness, indicating a spatially homogeneous reaction; for electrodes that are "too thick", the fraction approaches that in two parallel resistors, heavily weighted toward the higher-conductivity solid phase. Our results and interpretation provide an approach to the detailed analysis of linear polarization curves.
Experimental
Full-cell measurements.-The cell design follows that of Ref. 4 . On each side, a commercial graphite plate with interdigitated flow channels (Fuel Cell Tech, Albuquerque, NM) was used to feed electrolyte to a porous carbon paper electrode at a rate of 100 mL/minute controlled by a MasterFlex (Cole Parmer) diaphragm pump. It has been shown that raising the flow rate by a factor of four makes a negligible difference in the polarization curves. 4 The temperature of the cell was approximately 20
• C. The electrode comprised a stack of 3 sheets of SGL 10AA (each nominally 400 μm thick) carbon paper, compressed to ∼75% of the original thickness, defined by Teflon gaskets. The geometric area of the electrodes was 2 cm 2 . The SGL paper was pre-treated by baking at 400
• C in air for 24 hours. A Nafion 212 membrane served as the ion-selective membrane. Its pre-treatment consisted of heating in DI water at 85
• C for 15 min., followed by soaking in 5% hydrogen peroxide for 30 min., and then by soaking in 0.05 M H 2 SO 4 for 1 hour. As assembled, the negative electrolyte ("negolyte") (20 mL) contained 1 M 9,10-anthraquinone-2,7-disulfonic acid (AQDS), ion exchanged from its sodium salt (TCI), and 1 M H 2 SO 4 , and the positive electrolyte ("posolyte") (24 mL) contained 3 M hydrobromic acid and 0.5 M Br 2 . The nominal reactions during the charging process on the negative and positive sides, respectively, are as follows:
They are reversed during discharging. Because the negative side is the capacity-limiting side, we define the cell SOC as the state of charge of the negolyte, i.e. the instantaneous ratio of nominal hydroquinone concentration (assuming no reactions other than the pair listed above) to the total nominal quinone + hydroquinone concentration.
Electrochemical tests were carried out by a Gamry 30k booster connected to a Gamry Reference 3000 potentiostat. Polarization curves were recorded by measuring the current during linear sweeping at a rate of 100 mV/s. We find that this method yields the same relationship between voltage and current density as do potentiostatic or galvanostatic holding tests in our experimental setup, but without significantly changing the SOC of the relatively small volume of electrolytes used in the tests. Polarization curves at 50% SOC are discussed here, as they well represent the cell polarization behavior. To reach this SOC, a charge threshold, derived from the charge capacity measured in the first cycle, was set during a potentiostatic charging process at 1.3 V. High frequency area-specific resistance (ASR) values, r HF , were evaluated from EIS at ∼100 kHz. The electrode electronic ASR and the contact resistance were evaluated by direct DC measurements in a dry cell, which consisted of the same flow cell except without electrolytes and membrane.
Half-cell measurements.-The cell was set up similarly to that in the full-cell test, except that a palladium-hydrogen (Pd-H) reference electrode was sandwiched between two Nafion 115 membranes, which were soaked in DI-water at room temperature for ∼24 hours prior to the experiments. The Pd-H electrode was prepared according to Ref. 11 . The reference electrode was prepared from a 125 μm thick Pd foil. It has a potential of ∼50 mV vs. reversible hydrogen electrode. A potential change of less than 5 mV was usually measured prior to and right after the half-cell experiments, indicating that the reference electrode potential is stable to within about 5 mV. The Pd-H electrode was placed against the membranes, immediately above the upper edge of the porous electrodes (Fig. 2a) .
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Potential-probe experiments.-25 μm thick gold foil was cut into 0.5 mm wide strips, and sandwiched between sheets of porous electrode as shown in Fig. 2a , in a manner similar to the placement of Pt probes in Ref. 13 . The inclusion of the probes did not affect the cell characteristics in either full-cell polarization or dry-cell measurements. During cell polarization, voltage differences between adjacent probes were recorded by voltmeters of high impedance (>10   14   ) .
Results
Full-cell polarization.-The solid line in Fig. 2b is the polarization curve for the QBFB at 50% SOC. The small oscillations are caused by the pulsation of the diaphragm pump. The curve is nearly linear and its average slope provides an evaluation of the total polarization ASR, r 
where we have assumed r C to be the same on both sides. The electrode contributions include all the remaining factors that contribute to cell polarization, which will be discussed in the next section. The membrane and contact resistances are expected to be Ohmic. Table I and the volumetric exchange current density of the faradaic reaction given by ai 0 = 2.45 A/cm 3 . This comprises the ionic ASR from the membrane and the ASR from the electrode (r H F e ) and the contact on each side as follows:
assuming r H F e to be the same on both sides and r C to be the same on both sides b . r H F e is the high-frequency resistance of the porous electrode filled with the electrolyte, given by
where r S is the electronic ASR of the electrode, and r L is the ionic ASR of the electrolyte; 14 they are in parallel in this mixed electronion conductor. r L can be estimated from the bulk electrolyte resistance based on the Bruggeman correction (electrolyte conductivity κ = κ 0 1.5 , where is the porosity) to be 308 m cm 2 . We measured the values of r S and r C in a dry cell. We estimate r C by extrapolating a plot of dry-cell ASR vs. electrode thickness, which is varied by varying the number of stacked sheets of identical carbon paper, compressed by the same percentage of the original thickness, to zero electrode thickness. We thereby obtain r S = 13.2 m cm 2 and r C = 6. b We make no distinction between the DC and high-frequency AC ASRs of purely Ohmic elements such as the membrane, the contacts, the solid phase of the electrode, and the liquid electrolyte.
Half-cell polarization.-The polarization of the negative or the positive side can be separately investigated by installing a reference electrode in the QBFB. Here we focus our study on the negative, quinone-bearing side, in order to determine r DC neg for use in the full-cell analysis described above. A palladium-hydrogen (Pd-H) reference electrode was sandwiched between two Nafion 115 membranes. The hydrogen in the Pd-H and the protons in the membranes equilibrate at a stable voltage of ∼50 mV vs. reversible hydrogen electrode. The voltage of the current collector of the negative half-cell is recorded against the Pd-H electrode during the half-cell polarization. The curve at 50% SOC (Fig. 2c) shows an ASR of r + r N115 + r C . [5] After subtracting the membrane resistance (r N115 = 286 m cm 2 , deduced through an approach similar to that described in the previous paragraph) and r C off of r Voltage drops across each layer of carbon paper ( V m , m = 1, 2 or 3) were recorded by gold probes, as plotted in Fig. 2e vs. the applied current density i app . The electronic ASR through each layer of carbon paper (r S,m ) was also measured via the probes in a dry-cell. The values are listed in Fig. 2e , and their sum, 12.9 m cm 2 , is approximately equal to the value of r S reported above. Dividing each value of V m by the corresponding value of r S,m gives us the average electronic current density, i S,m , traversing each sheet during the wet-cell polarization experiments. In Fig. 2f we assign this sheet-average value of i S,m to the center position of each sheet (x = (m-1)L/3+L/6, where L is the electrode thickness after compression) in order to guide our visualization of the current distribution (the points in Fig. 2f) . The values determined for i S /i app are reasonably independent of i app , as a result of the linearity of the curves in Fig. 2e ; the small oscillations are due to the diaphragm pump. This is consistent with the linearity of the polarization curves.
Discussion
In this section, we use the Newman porous electrode model to calculate the ionic and electronic current distributions and the electrode resistance in the polarization of the QBFB and to interpret the experimental results. We also use the model to derive separate contributions to power dissipation from the faradaic, electrode electronic, and electrolyte ionic processes within the electrode, and to offer an interpretation in terms of effective contributions to the polarization resistance from these respective processes.
We start with a brief recapitulation of the model. It considers a one-dimensional (1-D) porous interpenetrating electrode/electrolyte continuum wherein properties vary smoothly along the thickness direction (0 ≤ x ≤ L, as shown in Fig. 1b) . The electrical currents in the liquid (electrolyte) and the solid (electrode) phases obey Ohm's law, and the current transferred between the phases in the faradaic reaction is a function of the local potential difference between the two phases. The equivalent DC circuit is the infinitesimal limit of the transmission line depicted in Fig. 3a . If we define the potentials in the solid and the liquid phases as ϕ S and ϕ L , and the current densities as i S and i L , respectively, the governing equations in the model are as follows
where σ is the electronic conductivity of the porous electrode and κ is the ionic conductivity of the pore-filling electrolyte. Note that all conductivities discussed in this work are effective macroscopic values that include effects from electrode porosity: the value of σ is smaller than the conductivity of bulk solid, non-porous electrode material due to the porosity; the value of κ is smaller than the conductivity of bulk electrolyte due to the geometry of the electrolyte-filled pores. From continuity and solution charge neutrality, the divergence of the liquid phase current density is equal to the local faradaic current density. The Butler-Volmer equation governing the faradaic current can then be written as
) unless CC License in place (see abstract where α is the charge transfer coefficient, n is the electron transfer number, k B is the Boltzmann constant, F is Faraday's constant, and T is the absolute temperature. U is the open-circuit value of ϕ S − ϕ L and is taken as zero here, as ϕ L can be assessed with the same reference electrode as the electrode of interest. Boundary conditions in the model are
The model can be visualized by an equivalent circuit shown in Fig. 3a, i. e. the transmission line model. The faradaic components in the circuit connect the electronic and the ionic resistors, which terminate at the membrane and the current collector, respectively, and operate in series for any particular trajectory through the electrode.
We use the model to apportion the power dissipation within the electrode among the three components -electronic, ionic and faradaic. The power dissipated, per unit of macroscopically-measured geometric area, by the solid electronic, the liquid ionic, and the faradaic process, respectively, is
These expressions are not restricted to linear faradaic kinetics; also they may be generalized to deal with three-dimensional current distributions. They provide the basis for our later discussion of the contributions of each mechanism to the polarization resistance.
We proceed with following assumptions:
r Because the active species in RFBs possess rapid kinetics (i.e.
ai 0 ≥ i app /L, according to the criterion of Newman et al. 16 ), the arguments of the exponentials in Eq. 10 are small and the equation can be linearized as
r κ is assumed independent of x. This is a valid approximation when the main charge carrying ion has a sufficiently high concentration and/or diffuses sufficiently rapidly that perturbations to the ionic strength due to the faradaic reaction are negligible; this is the case in all-vanadium RFBs as well as the QBFB.
r Mass transport does not limit cell polarization so that concentrations of the active species remain the same as their starting values throughout the electrode. This assumption is reasonable at high flow rate in the QBFB based on experimental observations 4 of an insignificant dependence of ASR on flow rates of Q ≥ 100 mL/min. The stoichiometric flow rate is given by nC H 2 AQ DS Q, where C H 2 AQ DS is the reactant concentration. At Q = 100 mL/min and 50% SOC, n FC H 2 AQ DS Q/A = 32 A/cm 2 (where A is the geometric electrode area), which is more than an order of magnitude greater than the highest value of i app examined in this study.
These assumptions allow for analytical solutions to the current distributions. The normalized electronic current i S /i app is thus the following function of x:
where
Due to the linearization of the Butler-Volmer equation, the nonlinear faradaic impedances between the electronic and the ionic resistors of Fig. 3a are replaced by Ohmic resistors, leading to a current densityindependent electrode ASR of
The linearized Bulter-Volmer also allows us to apportion r DC neg into effective contributions from electronic, ionic and faradaic resistances based on their power dissipations (Eqs. 11-13). We can divide the power losses by i app 2 , which yields values for their effective ASRs as
The three effective ASRs are thus functions of the current distribution, which is the solution to Eq. 15.
All parameters of the QBFB needed in Eqs. 10-21 can be quantified to a fair degree of accuracy (Table I) , except the specific surface area a and the exchange current density i 0 . Therefore we combine them into a single fitting parameter ai 0 , which we have called the volumetric exchange current density of the faradaic reaction; this can be evaluated by solving Eq. 17 for ν, where the left hand side comes from half-cell polarization (Fig. 2c) Fig. 2d) . Therefore, the electrode suffers more power dissipation from faradaic processes than Table I . Cell parameters in the QBFB. Note that: (1) the reported electrode thickness and conductivity account for compression; (2) the electrolyte conductivity is calculated based on the measured bulk conductivity and is corrected with the Bruggeman correction (κ = κ 0 1.5 ); (3) the measurement process of the electrode electronic conductivity can be found near the start of the Results section. Here, to simplify the calculation, we assume the electron conductivity to be independent of position despite the differences among the measured values of r S,m (Fig. 2e) We now interpret the electrode polarization resistance with insights from the Newman model. r DC neg includes contributions from electrode electronic, electrolyte ionic and faradaic charge transfer resistances, and mass transport. We neglect mass transport limitations, as is assumed in the model. The remaining three contributors enter the model through the kinetic parameters σ, κ, and ai 0 , respectively. They combine to determine the current distribution in the electrode, and thereby determine the electrode polarization resistance.
Within the context of the model, the effective ASRs r ef f S , r ef f L , and r ef f F , defined in Eqs. 18-21, respectively, from considerations of power dissipation, also turn out to satisfy
Thus they may be interpreted as the sensitivity of the ASR to the relevant kinetic parameters. We show the sensitivity of r DC neg to changes in the kinetic parameters in Figs. 3b, 3c , and 3d. Because σ here is an order of magnitude greater than κ, a change in the value of σ brings little change to the polarization resistance, whereas r DC neg is more sensitive to κ. We note that r ef f F changes with κ as well, due to the variation in the current distribution accompanying a variation in κ.
Unlike σ and κ, which can be varied only within a narrow range, the value of ai 0 may be expected to vary by orders of magnitude, and thereby exert the most significant influence on the value of r DC neg (Fig. 3d) . Fig. 3f shows the corresponding current distributions at a variety of values of ai 0 . At all values except the lowest, the reaction zone (the part of the curve with steep slope) is near the membrane because the much higher value of σ drives the centroid of the reaction toward the membrane so as to minimize the unfavorably resistive ionic conduction path. As the range of ai 0 spanned in Fig. 3d is traversed, most of the dissipation is contributed by the electrolyte and the faradaic reaction, until the value of ai 0 becomes large enough that the thick electrode only adds electronic resistance. At low ai 0 , the effective faradaic ASR dominates r DC neg . The dependence of all three effective ASRs on ai 0 also reminds us that they do not actually exist in isolation from each other, as the current distribution in the solution to the model equations originates from the interplay among all parameters.
With high values of ai 0 , a plateau appears in the depth distribution of the electronic current (Fig. 3f) at the value σ/(σ + κ), apportioning the current to the electrode and electrolyte phases as in a circuit involving two resistors in parallel, connected only at their ends. No faradaic reaction occurs within the plateau -a strong indication that the electrode is too thick to be practical. In a plot of r DC neg vs. the electrode thickness (Fig. 3e) , there exists an optimal thickness, below which the low surface area adds faradaic resistance, and above which the increasing electronic resistance outweighs the benefit of additional surface area. The existence of such an optimal electrode thickness is in line with experimental observations. 7, 17 This discussion is based on the linearized Butler-Volmer assumption, which is applicable when the applied current density i app is below 8 ai 0 L = 0.21 A/cm 2 . When i app exceeds this limit, as it did in our experiments, we would expect the differential electrode polarization resistance to decrease, becoming dependent on i app . Our experimental observation, however, shows r DC neg remains practically constant up to c Note that an analogous interpretation also holds for two simple resistors in series, or for a simple resistor in series with two resistors in parallel. 0.5 A/cm 2 . A possible explanation is that the change in r DC neg with i app is too small to appear in these measurements. In the current density range of 0.21-0.5 A/cm 2 , neither linearized Butler-Volmer nor Tafel kinetics yields an accurate solution in the Newman model. But as we compare side by side (Fig. 3f) the current distributions at 0.5 A/cm 2 predicted based on the Tafel and the linear Butler-Volmer kinetics (the latter of which is independent of i app , and thus is the same as at 0.2 A/cm 2 ), their difference is indeed small. This supports our explanation of the apparently constant value of r DC neg in the current density range examined in Fig. 2d . We do not believe the difference in proximity to the experimental point at x/L = 0.15 in Fig. 2f to be particularly significant, given that we discretized the electronic current distribution in the analysis of the experiment, assumed layer-independent electronic conductivities despite the layer-dependence revealed by the voltage probes, and assumed zero contact resistance between the sheets of carbon paper.
The low fitted value of ai 0 , 2.45 A/cm 3 , also merits attention. If we were to assume that a = 200 cm 2 /cm 3 (measured with Toray carbon paper, 18 and thus could be an underestimate for SGL 10AA), and k = 7.2 × 10 −3 cm/s (measured on glassy carbon at an AQDS concentration of 1 mM), 3 the value of ai 0 at 50% SOC, given by
would be 70 A/cm 3 , which is more than an order of magnitude higher than the fitted value. There are many possible explanations for such a discrepancy, including imperfect wetting of the electrode, the inaccuracy of extrapolating dilute solution kinetics to that of concentrated electrolytes, and mass transport limitations.
Because the processes in the QBFB are common among other RFB systems, we believe that the approach taken here can be widely applicable. It provides a framework that embraces the reaction distribution within the porous electrode and the interplay between electrolyte, electrode, and the reaction at their interface, and thus enables the interpretation of linear polarization curves. We note that the voltageprobe measurements serve essentially to verify the applicability of the Newman model to our experiments while independently establishing the value of ai 0 . Thus, with enough confidence in the applicability of the 1-D model to the electrodes of an operating cell, one can use the method of Darling and Perry 7 to infer the faradaic resistance from measured cell polarization resistance and membrane and contact resistance. This, or any other method of establishing values for ai 0 and membrane and contact resistances, provide sufficient information to uniquely identify the power dissipation in the electrolyte, in the electrode solid phase, and in the faradaic process, as well as in the membrane and in the electron-conducting contacts, thereby providing insight into factors limiting RFB performance.
We end this discussion by pointing out the limitations of this simple model. It neglects the potential for mass transport limitation, in which the consumption rate of reactant at the surface of the porous electrode is high enough to cause a significant decrease in the local reactant concentration. This may be manifested in the form of an increased apparent value of r DC neg at high current densities, leading to an underestimate of ai 0 . The linearity of the polarization curves suggests that this effect is insignificant over the range of current densities examined in this work, which is consistent with our neglect of the phenomenon in this study. It is possible, however, that the effect is offset quantitatively by that of nonlinear faradaic reaction kinetics. The experimental observation of a weak, but nonzero, variation of ASR with flow rate at Q = 100 mL/min indicates a subtle effect of mass transport not captured by this model. At lower stoichiometric flow rates and higher current densities, mass transport effects will be essential for a reliable model. Additionally, in the 1-D model, no in-plane distribution of reaction and conduction is considered. It is reasonable to expect 2-D and 3-D models to exhibit effects such as a distribution of electron conduction paths, with electrons generated over the channel traveling significant distances laterally. Accounting for transport effects such as these is an important topic for future research. Fitting the model to experiment yields a value of the volumetric exchange current density of ai 0 = 2.45 A/cm 2 , and permits us to further dissect the ASR of the negative electrode by quantifying the power dissipation in the interfacial faradaic, electrode electronic, and electrolyte ionic transport processes. In Eqs. 18-20 we define the effective ASR for each of these three processes as the ratio of power dissipation to the square of the applied current density, resulting in values for the negative electrode of r Thus we find that, in the negative electrode of the cell studied here, more power is dissipated in the faradaic process than in the electronic and ionic transport processes combined.
Eqs. 22-24 indicate a correspondence between the effective ASRs of these three processes and the sensitivity of the electrode polarization ASR to the values of the corresponding kinetic parameters. The model predicts that the electrode thickness is near optimal for the present values of the kinetic parameters but that a boost in ai 0 , accompanied by a decreased electrode thickness, may significantly lower the polarization ASR. 
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